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Bi and Zn co-doped SnTe thermoelectrics:
interplay of resonance levels and heavy hole band
dominance leading to enhanced performance
and a record high room temperature ZT7
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Lead free SnTe with a tunable electronic structure has become the front runner in eco-friendly
thermoelectrics. Herein, we show through first-principles density functional theory calculations that Bi
and Zn doping introduces a resonance level in SnTe. The dominance of the heavy hole valence band at room
temperature in Bi-Zn co-doped SnTe leads to a record high room temperature ZT of ~0.3 (at 300 K) for
SnTe based materials. The increase in the Seebeck coefficient value due to the interaction between the
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resonance states and formation of the nanoprecipitates leading to an appreciably low lattice thermal
conductivity of 0.68 W m™t K™% results in a peak ZT of ~1.6 at 840 K. A record high ZT average Of ~0.86 with
300 K and 840 K as cold and hot ends, respectively, makes Bi-Zn co-doped SnTe a potential material for
thermoelectric applications. This strategy of using two resonant dopants, to not only improve the room
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1. Introduction

The quest for environment friendly non toxic thermoelectric
materials has led to intense research on tin chalcogenide based
materials.”> Among them, SnTe finds a special place due to the
similarity of its crystal structure and electronic structure with
those of high performing PbTe.>* The figure of merit, ZT, of
SnTe is improved by increasing the power factor and/or
by decreasing the thermal conductivity.®>® Doping is widely
used to tune the carrier concentration, introduce resonance
levels, increase the band gap, converge the valence sub-bands
or introduce defects.”* Resonant dopants like In and Bi
have been mainly used to improve the Seebeck coefficient
at low temperatures but their high temperature ZT is
only ~1.”% Zn has also been recently added to the resonant
family of the SnTe class of materials to improve the room
temperature performance with a high temperature Z7T of ~1.49.°
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temperature ZT but also high temperature values, can very well be extended to other systems.

Dopants like Ag, Ca, Cd, Ce, Hg, Li, Mg, Mn, Pd, and Sr
are used to increase the band gap and cause valence
band convergence to improve the Seebeck values at higher
temperatures,'®1¢1820-23

Since the application of thermoelectric materials in real
world devices requires them to perform well for a range of
temperature, a material that has a higher ZT throughout the
temperature range is highly sought after. Hence, co-doping is
implemented with one of the dopants being a resonant
dopant.”>"’** Ca-In doped SnTe has by far the highest ZT of
~1.65 (at 840 K) under the above category but has a moderate
ZTayerage Of ~0.58."° Recently, two resonant dopants, viz. Bi and
In, were also co-doped in SnTe to yield a room temperature ZT
of ~0.25 but the peak ZT was found to be 1.34 (at 840 K)
leading to a ZT,yerage Of ~0.73.% Hence, there is a requisite to
find co-dopants that can improve the ZT,yerage Of SnTe based
materials apart from improving the room temperature and
peak ZT values.

The above mentioned facts motivated us to tune the electronic
and thermoelectric properties of SnTe by co-doping it with Bi and
Zn. The experimentally enhanced ZT confirms the transport proper-
ties predicted by Boltzmann transport theory using a first principles
density functional theory (DFT) based electronic structure.
We show that the resonance levels introduced by both the dopants
interact to make the heavy hole band raise above the light hole
band and in turn improve the thermopower. The nanoprecipitates
formed further improve the Z7, allowing the material to attain
record high values.

This journal is © The Royal Society of Chemistry 2020
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2. Methods

2.1. Computational details

Pristine SnTe and Zn, Bi doped and Bi-Zn co-doped SnTe were
simulated using the QUANTUM ESPRESSO package.>® Since the
atoms involved have high atomic numbers, spin orbit coupling
interactions were included in the first principles DFT calcula-
tions using fully relativistic ultrasoft pseudopotentials.”® The
exchange and correlation energy was dealt with using the
Generalized Gradient Approximation (GGA). The Perdew,
Burke, and Erzenhoff (PBE) functional type of pseudopotential
considering Sn (4d'°5s>5p®), Te (4d'°5s°5p*), Bi (5d'°6s°6p°)
and Zn (3d'%4s®) as the valence electrons was used for the
simulation. Pristine and doped configurations were simulated
by constructing supercells of /2 x /2 x 2 dimensions of
primitive rocksalt (space group: Fm3m) two atom unit cell. The
supercells were fully relaxed after substituting Bi/Zn for Sn and
total energies were determined at the theoretical equilibrium
lattice constants. A plane wave basis was used to represent the
wavefunctions and the energy and charge density were trun-
cated at cut off values of 50 Ry and 400 Ry, respectively. A k
mesh of 14 x 14 x 10 points was used to sample Brillouin zone
integrations and band structures were determined along high
symmetry lines (I'-Z-R-A-Z) in the Brillouin zone. Boltztrap
code was used to determine the conductivity and Seebeck
values theoretically from the DFT based electronic structures
by applying semi classical Boltzmann theory under a constant
scattering time approximation.”” The study of transport proper-
ties of Sn,4BiZnTe;s was carried out within a rigid band
approximation as a function of chemical potential (u) and
temperature in the range of 300-800 K.

2.2. Experimental details

SnTe and doped samples of SnTe were prepared by mixing
required quantities of elements Sn (purity 99.999%), Te (purity
99.999%), Bi (purity 99.99%), and Zn (purity 99.99%) procured
from Sigma-Aldrich, in a carbon coated quartz tube. The flame
sealed tube under vacuum (of 10~ Torr) was heated at 1173 K
for 15 hours and then cooled to room temperature naturally.
The obtained product was ground using mortar and pestle and
pelletized. The pellet was subsequently hot pressed at 773 K.
The sample was then finely ground for X-ray diffraction (XRD),
while it was cut into a parallelepiped shape (2 x 2 x 8 mm®)
for conductivity measurements and into a coin shape
(8 mm diameter and 2 mm thickness) for thermal diffusivity
measurement. The XRD pattern of the samples was determined
using Cu K, (4 = 1.54178 A) radiation in a JEOL X-ray diffracto-
meter. The microscopic structure was analyzed using a Philips
CM200 transmission electron microscope operating at an
accelerating voltage of 20-200 kV with a resolution of 2.4 A.
The Hall coefficient ‘R’ was measured at 300 K using a PPMS
system and the carrier concentration ‘n’ was calculated using
n = 1/eRy, where ‘e’ refers to the electronic charge. Electrical
conductivity ‘e’ and Seebeck coefficient ‘S’ were measured in
the temperature range of 300-840 K using a ZEM-3M8 instru-
ment under a helium atmosphere. Thermal diffusivity ‘D’ was
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measured by the laser flash diffusivity method (Netzsch
LFA-457) and used to calculate the total thermal conductivity
using Kioeal = DCpp, where ‘C},’ is the specific heat capacity and
‘p’ is the density of the sample. The specific heat capacity was
derived using a standard pyroceram sample. The electronic
thermal conductivity was calculated using the Wiedemann-
Franz law K. = Lo T, where ‘L’ is the Lorenz number obtained by
L = 1.5 + exp[—(|S|/116)].** The lattice thermal conductivity
was in turn obtained by subtracting the electronic component
from the total thermal conductivity.

3. Results and discussion

To study the effect of Bi-Zn co-doping on SnTe, we simulated
Sn;¢Te;s and Sny,BiZnTe;s and compared their electronic
structure and density of states (DOS) with those of Sn;sBiTe;
and Sn;5ZnTe;¢ (Fig. 1). A direct band gap of 0.08 eV appears at
the I' point in the Brillouin zone of Sn;¢Te;¢ due to the folding
of the L point onto it, with the Fermi level passing exactly in
between the band gap (Fig. 1a). Meanwhile, the heavy hole
band appears at Z + J in the Z — R direction due to the folding
of the X point onto it. The energy difference (AEyg) between
the light hole valence band at the I" point and the heavy hole

a b
=08 = 07
> >
L L
A E. &
53] 9]
} '
m m
20 -0.5
C
=0
>
L
[
m
}
m
-0.5

— Sn BiZnTe
Fnon . b
> Sin,gBiTe
QL — Sn,ZnTe,
2
2
= 0
-
Z
~
n
Q10
[a)

Fig. 1 Electronic structure of (a) SnigTesq; (b) Sn14BiZnTese; (€) SnisBiTess;
(d) SnisZnTeqq; (e) DOS of SnTe and doped configurations. The energy
levels are shifted with respect to the Fermi level, which is set to zero. The
resonance states are clearly visible in the form of humps in the DOS plot
near the Fermi level in Sn14BiZnTesg. Lcp, Lyvs. Heg, and Hyg represent the
light hole conduction band, the light hole valence band, the heavy hole
conduction band and the heavy hole valence band, respectively. Both the
light hole valence and conduction band occur at the I' point, while the
heavy hole valence and conduction band occur at Z + d inthe Z - R
direction in all the above electronic structures.
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valence band at Z + ¢ in the Z — R direction is found to be
0.30 eV while that between the light hole conduction band at
the I point and the heavy hole conduction band at Z + § in the
Z — R direction (AEcg) is 0.24 eV.

The electronic structure of Sn,,BiZnTe, ¢ reveals two resonance
bands appearing almost as a mirror image with the Fermi level
passing just beneath the valence band edge (Fig. 1b). Both these
resonance levels cause asymmetric distortion in the DOS and
appear in the form of two prominent peaks in the plot near the
Fermi level (Fig. 1e). The heavy hole valence band of Sn,,BiZnTe
raises 0.27 eV above the valence band maximum (VBM) while the
heavy hole conduction band drops 0.27 eV below the conduction
band minimum (CBM).

To understand the contributions of each dopant atom,
we analyzed the electronic structures of Sn;sBiTe;s and Sn;sZnTe;s.
Sn;5BiTe,c reveals a split off energy level from the conduction
band touching the valence band at the I' point 0.08 eV below
the conduction band edge (Fig. 1c). The heavy hole conduction
band drops 0.16 eV below the CBM and the second heavy hole
conduction band at Z + § in the Z — R direction remains 0.16 eV
above the CBM, meanwhile AEyp remains at 0.30 eV. The DOS peak
appears at the Fermi level, indicating the resonant nature of the
Bi dopant.®

Interestingly, Sn;sZnTe;s also shows a split off energy level
from the valence band touching the conduction band at the I
point 0.08 eV above the valence band edge (Fig. 1d). The heavy
hole valence band moves 0.15 eV above the VBM while the
difference in the energy of the second heavy hole valence band
at Z + ¢ in the Z — R direction from the light hole band at the I"
point remains at 0.30 eV. The heavy hole conduction band
drops slightly lower with a AEgg of 0.23 eV. The resonant level is
also clearly visible in the DOS plot in the form of a hump near
the Fermi level.’ The higher the contribution of resonant
orbitals, the higher will be the rise in the energy of the band
from the initial level.>® The almost flat nature of the band along
the stretch of the A point in the R — Z direction indicates
increased contribution from the resonant dopant at the A point
leading to an increase in the energy level leading to improved
Seebeck values.

To get a better correlation between the co-doped and singly
doped SnTe, we aligned the VBM of all the three structures
(Fig. 2a). Unlike the singly doped case wherein the resonance
states span across the valence band and conduction band area,
in Sny4BiZnTe;s, the two bands limit themselves to a single
region. But, on careful observation, the mixing of the resonance
levels is clear. From the I" point to the mid way between Z — R,
the resonance level in the valence band area is formed due to Bi
orbitals while that in the conduction band area is due to Zn
orbitals. There onwards, we see the contributions reversed
due to the hybridization of the orbitals till Z-¢' in the A — Z
direction after which there is again a reversal.

To study the atomic contributions, when we project the DOS
onto the atomic orbitals, we observe that the Bi ‘p’ orbitals
hybridize with Zn ‘s’ orbitals along with a major contribution
from Sn ‘p’ and a minor contribution from Te ‘p’ orbitals near
the Fermi level (Fig. 2b). To get a clear correlation between the
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Fig. 2 Electronic structure of (a) Sni4BiZnTej;s superimposed on
SnisBiTeie and SnisZnTeqq; (b) pDOS of SnisBiZnTes. In the electronic
structure, the energies are shifted with respect to the valence band
maximum of the configurations, which is set to zero, while pDOS energies
are shifted with respect to the Fermi level, which is set to zero. The
numbers in the bracket of (b) indicate the J values of p orbitals.

electronic structure and pDOS, we aligned them parallelly in
Fig. S1 (ESIt). The DOS hump closer to the Fermi level has a
dominant contribution of Zn orbitals while the one above the
Fermi level has a dominant contribution from Bi orbitals. Such
an unusual feature is absent in the case of the In dopant, where
the resonance level is formed by the hybridization of an In ‘s’
orbital and a Te ‘p’ orbital without the involvement of Sn ‘p’
orbitals.® This unique mixing of the orbitals in Sn;4BiZnTe;¢
leads to the appearance of mirror image kind resonance
levels on either side of the electronic structure. The appear-
ance of the heavy hole valence band above the light hole
valence band by about 0.27 eV in Sn,;,BiZnTe,, leading to high
room temperature Seebeck values is a feature previously
reported in Mg-In co-doped Sn; ,Pb,Te with a AEyp value of
—0.16 eV.*? Such a feature was absent in Mg doped Sn,_,Pb,Te,
In doped Sn,_,Pb,Te and Mg-In co-doped SnTe, indicating
that a multidopant approach was essential.>>**?° We see
that the co-doping of Bi and Zn in lead free SnTe is able
to produce the same effect at an enhanced magnitude high-
lighting the uniqueness of the combination and possibility
of elimination of the multidopant approach with harmful
elements like Pb.

As the transport properties predicted by the Boltzmann
transport equation showed promising results (see ESIt for
details, Fig. S2), we synthesized SnTe and Bi-Zn co-doped SnTe

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) XRD pattern (* indicates peaks due to the Zn precipitate); (b) electrical conductivity; (c) Seebeck coefficient of SnTe and doped samples as a
function of temperature; (d) Seebeck coefficient values of SnTe and Bi—-Zn co-doped SnTe at 300 K as a function of carrier concentration 'n’ in

comparison with the Pisarenko line and earlier reports.” %!

along with Bi and Zn singly doped SnTe. The concentration of
Bi and Zn in SnTe is maintained at x = 0.04 since it was revealed
in earlier reports that beyond x = 0.04, the dopants precipitate
out.® The XRD patterns of SnTe, Sng o6Big osT€, SNg.osZNg osTe
and Sng 9,Big 0aZNg o4Te€ are indexed to the rock salt structure
of the Fm3m space group (Fig. 3a). The diffraction pattern of
Sny 9,Bin.04ZNng 04Te exhibited additional peaks that could be
indexed to Zn. This indicated the formation of secondary
phases, which is further confirmed by TEM and EDS analysis
(Fig. S3 and Table S1, ESIt). The sample shows the precipitates
of Zn of 2-5 nm size in the TEM image.

SnTe is known to be a poor thermoelectric material and
the large number of Sn vacancies leading to a high carrier
concentration ‘7’ is one of the reasons for it. The higher ‘n’ value
(3.5 x 10*° cm™?) and higher mobility i’ (144.5 cm® V' s ') lead
to a high electrical conductivity ‘o’ of SnTe (8100 S cm™"). ‘%’ is
seen to decrease with Bi/Zn doping, indicating the neutralization
of Sn vacancies (Table S2, ESIt). The co-doping further decreases
the ‘v’ (0.947 x 10*° em™>) and ‘@’ (141.7 cm® V' s7) values,
leading to low ‘o’ and high ‘S’ values. The ‘o’ values of all the
samples decrease with the temperature, indicating the degenerate
semiconducting nature (Fig. 3b). The ‘S’ value of the doped
samples is seen to be higher than that of pristine SnTe throughout
the temperature range and that of the co-doped samples is higher
than the singly doped samples (Fig. 3c). The positive values
indicated the p-type nature. The introduction of resonance states
and the dominance of the heavy hole band at room temperature
lead to a valley degeneracy (N,) value of 16 (12 from heavy hole
and 4 from light hole)." Since this is directly proportional to ‘S,

This journal is © The Royal Society of Chemistry 2020

we obtain an ‘S’ value of 112 pv K™ at 300 K and 205 uv K ! at
840 K for Sng.o,Big.os4ZngosTe. Usually, the effect of band
convergence is dominant at high temperature and high dopant
concentration but the current combination of co-dopants is
able to introduce the effect at lower temperatures." This is
evident in the comparison plot of room temperature ‘S’ values
with respect to their carrier concentration ‘n’ with the reported
literature values and Pisarenko line (Fig. 3d). The Pisarenko
line was derived using a two valence band model with an
energy difference of 0.35 eV between the light hole and heavy
hole valence sub-bands. The light hole effective mass was
taken as 0.168 m. and heavy hole effective mass was
1.92 m..*! For comparison with previous reports, the Seebeck
values of Zn, Bi, In and Bi-In co-doped SnTe have been marked
with respect to their carrier concentrations.” **" The Seebeck
value of SnTe falls exactly in line with the Pisarenko value,
indicating the effectiveness of the model employed. The reso-
nant doped and co-doped samples show higher ‘S’ values than
predicted by the Pisarenko line due to the modification of the
electronic structure. The Bi-Zn co-doped sample has a higher
‘S’ value than previously reported Bi doped samples but it
is slightly lower than that of previously reported Zn doped
samples at 300 K.”° This indicates the prominence of the heavy
hole dominance exhibited by Zn doped samples with a higher
Zn concentration of 0.08 mol% compared to our co-doped
sample with a Zn concentration of 0.04 mol%.° Although the
‘S’ values of the co-doped sample are not as high as those of the
Zn doped samples, the decrease in the thermal conductivity
values due to the mass fluctuations created by Bi and Zn

J. Mater. Chem. C, 2020, 8, 2036-2042 | 2039
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co-doping enhances the ZT throughout the temperature range
in comparison to Zn doped SnTe as explained in the later
sections.’

The increase in the power factor from ~27 pW em™ ' K2 at
300 K to ~36 UW cm™" K2 at 840 K for Sng o,Big 94ZNg g4 T€
is attributed to the increase in ‘S’ despite the decrease in ‘¢’
with the increase in the temperature (Fig. S4a, ESIT). Such a
high power factor is promising in comparison to Mn-Cu-Ge
multi-doped SnTe (~19 pW cm ' K2 at 900 K) with a record
ZT peak of ~1.8.>> The comparison of Sng e,Big 04ZNg o4Te With
the state of the art SnTe based materials with a high power
factor reveals that the material fares really well (Fig. S4b, ESIT).
The total thermal conductivity is seen to decrease due to
the decrease in the electronic as well as the lattice component
of the thermal conductivity with temperature (Fig. 4a). The
decrease in the carrier concentration leads to a decrease in the
conductivity leading to lower electronic thermal conductivity
values. The substitution of Bi/Zn for Sn introduces mass
fluctuation and the atomic defects created enhance phonon
scattering.”®® In addition, the nano precipitates formed also
effectively scatter the phonons, decreasing the lattice thermal
conductivity to 0.68 W m™' K ' for Sngo,BigosZNoosTe
(Fig. 4b)."*”® A comparison of the lattice thermal conductivity
values of the present material with the state of the art SnTe
based materials containing resonant dopants such as In, Bi and
Zn reveals that the Sny o,Big 04Zng o4Te sample shows an appre-
ciably lower value than both the Bi/Zn singly doped samples
and also many of the co-doped samples.®*'7""*9?*?3 Though
Cu-In and Sr-In co-doped SnTe have lower lattice thermal
conductivities than Bi-Zn co-doped SnTe, their ZT values
(~1.55 and ~1.31, respectively) are lower than that of the
Bi-Zn co-doped SnTe.'®?* Thus, co-doping of Bi-Zn proves to
be an effective strategy to improve the power factor and reduce
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Fig. 4 (a) Total thermal conductivity; (b) lattice thermal conductivity of
SnTe and doped samples as a function of temperature; (c) comparison of
lattice thermal conductivity of Sng ¢2Bip.04ZN0.04Te With the state of the art
SnTe based materials 67917192223
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the lattice thermal conductivity, and thereby the total thermal
conductivity, leading to improved ZT values.

The interplay of the resonance levels in Sng g,Big 04Z1ng g4 TeE
synergistically leads to a ZT of ~0.3 at 300 K and a peak ZT of
~1.6 at 840 K (Fig. 5). Such a high value of room temperature
ZT sets a record for SnTe based materials. The material also attains
a record high value of ZT,yerage Of ~0.86 (with 300 K and 840 K as
the cold and hot end) and ~1.14 (with 500 K and 840 K as the cold
and hot end), respectively. Here, the ZTerage Values are calculated
by summing up the ZT throughout the said temperature range and
dividing it by the number of instances. Even though a multi dopant
approach of Mn-Cu-Ge doped SnTe reported a high peak ZT of
~1.8 at 900 K, its ZTyyerage Was ~0.76 (with 300 K and 900 K as the
cold and hot end).** Single crystalline SnSe, which by far holds a
record high ZT (~2.6 along the b axis) among chalcogenide
materials, has a ZTyerage Of ~0.85 (with 300 K and 923 K as a cold
and hot end), comparable with that of Sny.,Big.04Zng o4Te.*

Commercial application of thermoelectric materials requires
them to possess a high ZT,yerage NOt just a high peak ZT.
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Fig. 6 Comparison of ZT at 300 K and 840 K (upper panel); ZT.verage
of SnTe and Sng.92Bio.04ZNoo4Te (lower panel) with the reported high
performing SnTe based materials.”~2111418-20
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The comparison of ZT (@300 K and @840 K) and ZT,yerage With
the reported high performing SnTe based materials clearly
reveals the outperformance of the presently reported material
(Fig. 6). Hence, Sng.o,Big.04Zng04Te shows great promise for
future energy applications.

4. Conclusions

In the present work, we modify the electronic structure of SnTe
by introducing two resonant dopants, viz. bismuth and zinc.
The interplay of the resonance states makes the heavy hole
band dominant at room temperature. The nanoprecipitates
formed and the atomic point defects introduced by dopant
atoms decrease the lattice thermal conductivity to an appreci-
ably low value of 0.68 W m™" K ' at 840 K. All these effects
synergistically lead to a peak ZT of ~1.6 at 840 K in the
Sny 9,Bio.04ZNg.04Te sample. It also exhibits a record high room
temperature ZT of ~0.3 at 300 K and record high ZT,yerage
values of ~0.86 and ~1.14 with 840 K as a hot end and 300 K
and 500 K as a cold end, respectively. This strategy of co-doping
two resonant dopants not only leads to an increase in the
performance of the material throughout the temperature range
but also motivates the researchers to look for such unusual
combinations of dopants to constructively tune the electronic
structure of materials.
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